Objective: To identify risk factors associated with transitions from cognitively normal to various forms of mild cognitive impairment (MCI) and then from MCI into early dementia with death as a competing state. Methods: Cognitive assessments from 554 subjects participating in a longitudinal study at the University of Kentucky AD Center were used to classify individuals into one of three transient states at any visit: cognitively normal, amnestic MCI, or mixed MCI. Between visits subjects could die or become demented. A series of polytomous logistic models were used to model transitions among these states over time and to determine how the log odds of these transitions vary with age, education, sex, family history of dementia, and APOE status. Results: Age affects all transitions among transient states as well as those to dementia or death. Presence of at least one apolipoprotein 4 allele affects transitions from cognitively normal into amnestic MCI or into dementia. At most 12 years of education affects transitions into mixed MCI. Transitions do not vary with sex or family history. Conclusion: Aside from age, the usual risk factors associated with conversion from cognitively normal into dementia are likely risk factors for transitions into mild cognitive impairment.
NEUROLOGY 2006;66: [828] [829] [830] [831] [832] Mild cognitive impairment (MCI) is a state between normal cognition and dementia, characterized by deficits not explainable by age, educational background, or medical illness. 1 It is unclear whether this state is a true precursor to dementia. 2, 3 Some studies have found amnestic MCI to be transient because future evaluations could yield a reversion to normal cognition as opposed to progression to Alzheimer disease (AD). 4, 5 Also, non-amnestic forms of MCI are being recognized as possibly reflecting early stages of other dementing disorders. 6, 7 Previous studies of risk factors associated with these conversions have been limited to the study of amnestic MCI and APOE alleles as a risk factor but have not addressed the transitional nature of this clinical syndrome or state. 8, 9 Other more detailed studies have ignored the intervening MCI states and studied risk factors for transitions from the nondemented state to dementia with death as a competing risk 10, 11 or studied the progression of dementia through various stages until death. [12] [13] [14] In this study we analyze the transient nature of a single domain amnestic MCI state and all other MCI states combined into one state, mixed MCI. We investigate whether these are true intervening states between normal aging and dementia that impart a higher risk for transitions to dementia than the cognitively normal state itself. Finally, we determine whether risk factors often associated with transitions from normal cognition to dementia are also risks for transitions from normal cognition to MCI.
We rely on annual cognitive assessments taken from a cohort of initially cognitively normal subjects participating in the Biologically Resilient Adults in Neurologic Studies (BRAiNS) project at the University of Kentucky's AD Center. At any visit we use these assessments to classify a subject into one of three states: cognitively normal, amnestic MCI, or mixed MCI. Between visits, subjects could die or progress to a dementia with these latter two states treated as irreversible competing states. We estimate the odds that a nondemented person will become demented before death and show how these odds vary whenever a person transitions into a MCI state. We adjust these odds for the effects of age, education, sex, family history, and APOE status. and physical examinations every 2 years, and consented to a brain donation upon death. 16 At baseline they must be 60 years or older (raised to 70 2 years ago), free of infectious diseases, neurologic, psychiatric, or unstable general medical conditions, and free of a dementing illness. In this analysis 228 of the 782 subjects were excluded because 123 had only one visit, 55 withdrew for personal reasons, and 50 did not have APOE determinations. Ninety-four (76.4%) of the 123 subjects with one visit were recruited within the past year and hence did not have enough time to provide a second visit. Of the remaining 29 who dropped after the first visit, 10 either changed their minds about the project or moved out of town, two had significant medical events which caused a drop out, one converted to AD, and the remainder (n ϭ 16) died. We limited the study to only subjects who could provide at least two visits to rule out pre-existing medical conditions or pre-existing dementias. This left 554 subjects who had two or more cognitive assessments for the data analysis reported here.
Cognitive assessments. At each visit the cognitive assessments were used to assist in classifying subjects into one of the three transient states: cognitively normal, amnestic MCI, or mixed MCI using the following criteria. Amnestic MCI required a subject to score poorly on at least one of the following episodic memory measures: Wechsler Logical Memory or Benton Visual Retention Test (number correct or number of errors), or word list using the total learning score, delayed recall score, savings score, or the maximum recalled minus delayed recall scores. Mixed MCI required a subject to show signs of a non-amnestic condition defined as scoring poorly on one of more of the following: phonemic or category verbal fluency, Boston Naming Test (15-item version), Trailmaking Part A, or Trailmaking Part B regardless of their amnestic MCI status. In all cases a poor performance meant scoring 1.5 standard deviations below the mean after adjusting for the age of the subject. The normative values were based on the baseline cognitive assessments of the entire cohort of 782 participants.
Clinical examinations. When warranted, subjects were evaluated for a dementing condition or for clinical MCI. Assessments were based on a standardized format consisting of a neurologic and physical examination, an MRI of the brain, and blood chemistries to exclude other metabolic causes for cognitive decline. The final diagnosis was reviewed in a consensus conference. The diagnosis of AD was based on the criteria of the Joint Working Group of the National Institute of Neurologic and Communication Disorders and Stroke-AD and Related Disorders Association (NINCDS-ADRDA) 17 while the clinical MCI classification used published criteria. 18 Statistical analysis. We used a multi-state Markov chain with three transient states (normal, amnestic MCI, mixed MCI) and two absorbing states (death vs early dementia) to model the one step transitions; that is, to model moving from the current cognitive state at this assessment into another state at the next assessment (figure). The time interval between a regularly scheduled assessment and death or early dementia was ignored as the diagnosis was coded for the next annual assessment when one of these states was detected. In addition, the model ignored any transitions among the transient states during the year since it uses only the state of the individual at the next assessment. Covariates of interest were the risk factors of age at assessment, sex, education (three levels: years education Յ12, 13-15, Ն16), APOE status (presence/absence of at least one epsilon 4 allele), and family history (positive/negative for a dementing illness among firstdegree relatives).
To determine the effect of these covariates on the one step transition probabilities a series of polytomous logistic regression models were fitted. The polytomous logistic regression model is an extension of the familiar logistic model to the case when the outcome of interest is categorical but with more than two values (three in this application). Specifically, transitions among the three transient states were modeled by a polytomous logistic model with outcomes being the next transient state (conditional on non absorption) and predictors being the risk factors as well as the current cognitive state. Then to determine the probability of absorption, three polytomous logistic models, one for each transient state, were constructed with outcomes being death, early dementia, or a dementia), or return to any transient state with predictors being the risk factors. These models were fitted using PROC CATMOD in PC-SAS, Version 9.1. 19 To determine the effect the covariates have on the odds that a person will become demented before dying these polytomous models were combined using standard calculations for a Markov chain having transient and multiple absorbing states by using its canonical form. 20 A bootstrap procedure was used to estimate the standard errors associated with these odds as well as 95% CIs. 21 As far as we know this is the first time that these calculations have been done for polytomous outcomes but these calculations are extensions of methods previously recommended for binary outcomes. [22] [23] [24] Results. Table 1 lists the risk factors for the 554 subjects at study entry and indicates that a typical subject contributes seven transitions to the data analysis. The time interval between successive scheduled visits averaged 1.05 Ϯ 0.14 years. Table 2 lists the total number of transitions associated with each arrow in the figure.
The effect of the covariates on the transitions among the transient states (the first three rows and columns of table 2) are listed in table 3. Age affects the odds that a person will transition to amnestic MCI or mixed MCI as opposed to cognitively normal (p Ͻ 0.001 in both cases). Presence of at least one APOE-4 allele affects transitions into amnestic MCI (p ϭ 0.038). Compared to 16 plus years of education, having only 12 years of education affects transitions into mixed MCI (p Ͻ 0.001) and having 13 to 15 years of education affects transitions into both amnestic MCI (p Ͻ 0.001) and mixed MCI (p Ͻ 0.001). Neither female sex nor having a first-degree relative with dementia affects transitions.
The effect of the covariates on transitions to early dementia or death (vs remaining in a transient state) are listed in table 4. With only one possible exception, age affects the odds of transition to either dementia or death regardless of the prior state (p Ͻ 0.01). The exception is the transition from amnestic MCI to dementia (p ϭ 0.11). Having at least one APOE-4 allele increases the odds of a 28 at baseline. During a 10-year prospective community study, the area under the curve for delayed recall and executive function best discriminated nonconverters from converters. 29 Finally, in a study of 33 twin pairs in which one converted to AD, deficits in memory, attention, visuospatial-reasoning skills, and perceptual speed were documented prior to conversion. 30 In another longitudinal study, baseline scores on the Boston Naming Test, immediate recall from the Selective Reminding Test, and the Similarities subtest of the WAIS-Revised independently predicted conversion to AD. 31 Patients in the preclinical stage recalled significantly fewer words than did matched control participants. 32 Memory impairments associated with genetic or family history risk of AD may not completely manifest itself until the person is close to the onset age of AD. 33 The clinical utility of relying solely on neuropsychological test scores has been questioned and the recommendation made that they be combined with other information including risk factors to improve reliability. 34 Almost all studies on risk factors for dementia have been based on the classic illness death model that assumes cognitively normal (i.e., healthy) individuals are at risk for an irreversible disease (dementia) provided they avoid dying. The main point of this study is that individuals rarely slip from a cognitively normal state to dementia without showing early signs of impairment. We investigated the transient nature of early MCI when impairments are defined solely by the results of commonly adminis- Values are n (%).
MCI ϭ mild cognitive impairment. tered neuropsychological measures. The evidence suggests that individuals who perform poorly on these examinations at one visit may be cognitively normal on the next examination. We also found that the probability that a person will perform poorly on these instruments varies with the subject's age, although the normative values for these instruments have been age adjusted using baseline data.
The results show that a cognitively normal person who has at least one APOE-4 allele has increased odds of transitioning to amnestic MCI and to a lesser extent transitioning to mixed MCI. This risk factor also increases the odds that a person will transition from the cognitively normal state to dementia without going through a detectable MCI state. The odds of a transition directly from cognitively normal into dementia are 8.42, which is surprisingly large. Some of this may be because few individuals made transitions into the states dementia and death without first passing through an MCI state as evidenced by the last two columns of table 2. These are individuals who experienced a very rapid decline in function over a 1-year period. If a person takes the more common route of exhibiting a cognitive deficit before becoming demented, then APOE status no longer becomes a risk factor.
A simpler conclusion holds for education because it affects the one step transitions into the MCI states but does not have any effect on step transitions into dementia or death regardless of the initial state. Specifically, having 13 to 15 years of education creates a larger OR for a transition into each of the MCI states than having 16 or more years of education. Having 12 years or less of education increases the odds of a transition into a mixed MCI state but not necessarily into the amnestic MCI state. The latter could be due to a small percentage of subjects in this cohort with less education (12%). The dominant education category is 16 years or more of education (67%), which is evenly split among those with exactly 16 years of education (32%) and more than 16 years (35%). A re-analysis of the data with these two categories separated does not change the results reported here.
Neither sex nor a report of a first-degree relative with a dementia affected the one step transitions except possibly for some evidence of a sex effect on transitions to death from the mixed MCI state with women being at less risk. The presence of a significant effect for age but non significant effects for APOE-4 status, education, and sex on transitions from MCI states into dementia is in agreement with similar results found in the PAQUID study. 35 A commonly reported risk factor for dementia not considered here is the subject's race because almost all of the subjects in this cohort are white (99.1%).
The statistical procedure, polytomous logistic regression, used to generate the results reported here is simple to apply because it relies on readily available software. The algorithm for studying the longterm behavior of the multi-state Markov chain, which answered the question on the odds that a person will eventually become demented before dying, does require specialized software. Several investigators recommend that a random effect be added to the polytomous logistic model to account for the correlation between successive transitions made on the same subject over time. 36, 37 This would require specialized software for all the computations because the likelihood function for the data would involve an integral. We reanalyzed the data using a shared random effect model and a Gauss quadrature method for approximating this integral (and hence, the likelihood) and noticed little to no change in our results. The only notable change is that under the random effects formulation education at its lowest level (12 years or less of education) becomes associated with a significant odds for the one step transition into amnestic MCI (p ϭ 0.04). Currently, this result is marginally significant (p ϭ 0.10). These results are published elsewhere since they involve more detailed and technical modeling of the data. 38 To document the long run behavior of the chain, the odds that a person will become demented before dying is provided in table E-1 (available on the Neurology Web site at www.neurology.org).
* Age was centered at 73.5.
Finally, the results presented here depend on the sensitivity and specificity of the neuropsychological tests used to measure memory and other cognitive domains as well as the choice of a 1.5 SD cutoff for poor performance on these instruments. We relied on CERAD measures supplemented by tests used in the Baltimore Longitudinal Study on Aging given their wide use. Discriminant function analyses using the CERAD data show good specificity and sensitivity in identifying dementia (vs normal) with area under the curve in the 0.8 -0.99 range. The cutpoints used here are similar to those used in other projects. 7, 21 
